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As the molecular representation of the genetic code, tRNA plays
a central role in the translation machinery. Each of twenty different
tRNA speciﬁcities, one for every standard amino acid, provides the
mechanism to translate the genetic code from a three-base mRNA
codon to the correct amino acid. Throughout the translation pro-
cess, tRNA recognizes several protein and RNA molecules, some
that discriminate based on tRNA speciﬁcity (aminoacyl-tRNA syn-
thetases (aaRSs), mRNA) and some that interact with every tRNA
(elongation factor Tu (EF-Tu), ribosome). These interactions have
produced a set of molecules with regions of high evolutionary con-
servation as well as features, such as the anticodon, that are con-
served within an amino acid speciﬁcity but differ between
speciﬁcities. Comparative analysis of tRNA sequences reveals fea-
tures conserved across all tRNAs as well as within an isoacceptingchemical Societies. Published by E
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er), schulten@scs.uiuc.edu (Z.group [1]. Phylogenetic analysis of tRNAs is hampered by the short
sequences, but tRNA-based trees can still reﬂect the overall pattern
of descent seen for the 16S rRNA [2,3].
Crucial contacts with aaRSs, EF-Tu, mRNA, and the ribosome
have severely constrained tRNA evolution. For a tRNA to dock with
the proper aaRS, the aaRS must be able to distinguish it from the
many other tRNA molecules present in the cell using nucleotide
identity elements [4]. The recognition is still prone to error so
the aaRSs in many cases have developed an editing domain that
can check the ﬁdelity and hydrolyze misacylated tRNAs. The tRNA
binding interface of EF-Tu is extremely conserved, and the nucleo-
tides for different speciﬁcities along this interface are correlated
with the charged amino acid so that the binding free energies are
similar [5]. Tuning elements for different tRNA speciﬁcities may
be determined through comparative analysis. If nucleotides at
the EF-Tu:tRNA interface correlate with the charged amino acid,
they are likely candidates for tuning. Some interactions on the
ribosome must be tRNA sequence-dependent (at the anticodon
and CCA-ends) and others may be sequence-independent (for the
remainder of the tRNA), though there might be tuning analogous
to that shown for EF-Tu binding.
Sequence entropy is a bioinformatic measure of the variability
seen in multiple sequence alignment columns and is therefore use-
ful in determining nucleotides that have been conserved across
evolution. Related metrics [6,7] have predicted identity and tuning
elements in good agreement with experimental data [4]. In Fig. 1lsevier B.V. All rights reserved.
-1.5
-1
-0.5
0
0.5
1
1.5
2
En
tro
py
 D
iff
er
en
ce
Entropy Difference for tRNA(Glu) Bacteria
Nucleotide Position
1
72
2 71
34
35
3711 24
13
22
46
G
tRNAG l u
E. coli (UUC)
5’
C
U A
C G
C G
C G
C G
U G
  U
C
G
C
U
A
C
G
U
G
AGA
G
C C A
C G
C G
G C
C G
C G
C
U
U U C
A
C
U A
A
A
U
G
C
G
C
G
C
G
C
U U
C
G
A
AU
G
C
C
A
3’
1
76
10
20
30
50
60
40
70
5
15
25
35
45
55
65
A
C
G
A
51 63
-1.5
-1
-0.5
0
0.5
1
1.5
2
En
tro
py
 D
iff
er
en
ce
Nucleotide Position
Entropy Difference for tRNA(Cys) Bacteria
G
tRNAC y s
E. coli (GCA)
5’
C
G C
C G
G C
C G
G C
U A
  U
A
A
U
C
G
A
U
A
A
AGC
G
U U
A
G U
C G
G C
G C
A U
U
U
G C A
A
U
C U
A
U
A
C
G
C
G
G
C
G
C
U U
C
G
A
CU
U
C
C
A
3’
1
76
10
20
30
50
60
40
70
5
15
25
35
45
55
65
G
G
2
73
71
703
34
35 36
13
22
12
23
Acceptor Stem
D Arm
T Arm
Variable Loop
Anticodon Arm
CCA Hairpin
Discriminator Base
Anticodon
Fig. 1. Sequence entropy difference and cloverleaf secondary structure for tRNAGlu and tRNACys. Sequence entropy (Si) for column (i) of the alignment is expressed as
Si = R4j = 1 Pij log2 Pij, where Pij is the probability of ﬁnding nucleotide j in column i. The correlation of the base in column i to the amino acid speciﬁcity is high when
DSi = Si  Si|AA is large, where Si is the entropy at position i for the full alignment and Si|AA is the entropy for the subset speciﬁc to a particular amino acid (AA) speciﬁcity.
Identity and tuning elements are labeled in the entropy difference plots. Nucleotides in contact with aaRS are colored green, and those in contact with EF-Tu are colored red
(circled in the cloverleaf diagram).
R.W. Alexander et al. / FEBS Letters 584 (2010) 376–386 377the variability seen in the multiple sequence alignment columns
for a speciﬁc tRNA reference to a representative set of all bacterial
tRNAs clearly indicates the identity and tuning elements.
Early comparisons of tRNA sequence and experimental veriﬁca-
tion led to the cloverleaf secondary structure model known today.
Subsequent X-ray structure determination of yeast tRNAPhe re-
vealed coaxially stacked helices and a tightly packed core resulting
in a compact L-shaped molecule [8,9]. This canonical two-arm
structure is clearly correlated with tRNA function as the transla-tional adaptor molecule, as the anticodon at one end of the tRNA
L decodes the ribosome-bound message, while the acceptor arm
at the other end delivers the appropriate amino acid to the growing
polypeptide chain. Additional isolated and (more commonly) pro-
tein-bound structures in the decades since have conﬁrmed the
key features of tRNA architecture, including theWatson–Crick base
pairing of helical regions and the non-canonical base pairs, triples
and stacking interactions at the helical junction core. What indi-
vidual crystal structures are unable to provide, however, is a sense
378 R.W. Alexander et al. / FEBS Letters 584 (2010) 376–386of the embedded dynamic nature of tRNA. We describe here evi-
dence provided by experimental and computational approaches
that tRNA has an inherent ﬂexibility that is critical for interactions
with cellular proteins and its ultimate role in protein biosynthesis.
2. Sequence conservation in tRNA
The number of tRNA sequences is growing at a tremendous rate,
as reﬂected in the tRNA Compilation 2000 [10], the Joint Genome
Institute [11], and the genomic tRNA database [12]. As sequence
and structure are evolutionarily conserved to preserve the function
of biological molecules, residues critical for function can be deter-
mined prior to simulation or experiment. Conservation also pro-
vides an avenue for proposing generalizations from a small set of
studied systems to their homologues. Evolutionarily conserved fea-
tures of tRNA have been studied with respect to its primary bind-
ing partners: aaRS [4,13], EF-Tu [5,7], and the ribosome [14].
Typical identity elements include the anticodon bases 34–36 as
well as discriminator base 73. Other identity elements are speciﬁc-
ity dependent and are located at or near the tRNA:aaRS interface.
Most of the identity elements are more than 10 Å away from the
aaRS active site, suggesting that the complex requires a network
of inter-residue interactions to relay information from distant re-
gions of the binding interface to the site of chemistry (see Signaling
Network Analysis).
Transfer of charged tRNA from the aaRS to EF-Tu must be sufﬁ-
ciently fast or protected to prevent hydrolysis of the ester linkage
between tRNA and the attached amino acid. EF-Tu binds aa-tRNA
for the twenty standard amino acids as well as pyrrolysine and
therefore has maintained a high degree of conservation across its
tRNA binding interface. This has also resulted in tRNA structural
uniformity along the EF-Tu binding interface. Since the charged
amino acid is different for different tRNA speciﬁcities, the tRNA
molecules themselves have evolved EF-Tu binding afﬁnities that
complement their cognate amino acids [5]. The tRNA is tuned so
that weak binding tRNAs associate with tight binding amino acids
and vice versa through the placement of tuning elements, nucleo-
tides at the EF-Tu:tRNA interface that affect binding afﬁnity.
Entropy analysis across a representative alignment of tRNAs
from all three domains of life reveals conserved bases, such as
U8, A14, the GG motif in the D loop, U33, several residues in the
T loop, and the CCA end [7]. Difference in entropy for a particular
speciﬁcity relative to the full alignment shows which residues
are conserved within a speciﬁcity (see Fig. 1). The largest signals
correspond to the anticodon, and many of the other peaks corre-
spond to identity or tuning elements.
Eleven isoaccepting groups (including tRNACys but not tRNAGlu)
make use of discriminator base 73 as a conserved feature with high
correlation to amino acid speciﬁcity. Chemically similar amino
acids often make use of the same discriminator base, indicating
that this base by itself may provide a general tuning mechanism.
Besides providing a way for aaRSs to accurately bind and charge
their matching tRNAs, the discriminator base appears to affect
the interaction of aa-tRNA with EF-Tu. The tighter binding tRNAs,
such as tRNAGlu [15], have larger numbers of conserved bases at
the EF-Tu binding interface suggesting that these bases are tuning
elements for EF-Tu:aa-tRNA binding afﬁnity [7].3. tRNA structure
Crystal structures of protein:tRNA complexes reveal a range of
structural rearrangements, in some cases dramatic, that occur on
protein binding (Fig. 2A). Numerous crystal structures demonstrate
that cognate aaRS:tRNA binding triggers conformational change in
the aaRS, the tRNA, or both biomolecules. For rearrangements ofthe tRNA, these distortions tend to occur at the two ends of the
tRNA, where identity elements are located. For example, distortion
of the anticodon loop is often observed such that bases are pre-
sented to the aaRS anticodon-binding domain for recognition, as
in the class I human TrpRS:tRNATrp [2DRS] [16] and class II Esche-
richia coli AspRS:tRNAAsp complexes [1C0A] [17]. Distortions of the
acceptor stem are also observed, particularly for tRNAs aminoacy-
lated by class I aaRSs, which approach their tRNA partners from the
acceptor stem minor groove side. Given this interaction, reorienta-
tion of the acceptor stem is required for amino acid transfer. A
‘‘fold-back” conformation of the tRNA 30-end (either with or with-
out uncoupling of the 3–72 base pair) in the presence of aaRS has
been observed for tRNAs speciﬁc for Arg [1F7U] [18], Glu [2DXI]
[19], Gln [1EXD] [20], Cys [1U0B] [21], and Leu [1WZ2] [22]. Other
class I aaRSs are likely to induce acceptor stem unwinding, as sug-
gested for MetRS by enhanced aminoacylation of destabilized
microhelix variants [23]. The inherent ﬂexibility of tRNA’s 30CCA
end is also clear from the number of crystal structures in which
electron density is missing for one or more terminal nucleotides.
In addition to local distortions at the two ends of the L-shapedmol-
ecule, some co-crystal structures reveal a compression of the angle
of the helical arms, for example yeast AspRS:tRNAAsp [24].
As with the aaRSs, other enzymes that act on tRNA use mutually
induced ﬁt for enhanced substrate speciﬁcity in such a way that
they distort the region of tRNA they modify. Methionyl-tRNA form-
yltransferase (MTF) uses nucleotide identity elements in the accep-
tor and D stems of initiator tRNA, and the 30-end of Met-tRNAfMet
folds back towards the acceptor stem to bind MTF [2FMT] [25].
Similarly, the CCA-adding enzyme distorts the 30-end of tRNA
[1SZ1] [26]. At the other end of the L, enzymes that modify antico-
don nucleotides distort this loop to access bases. Examples are iso-
pentenyl-tRNA transferase (MiaA) [3FOZ] [27] and [2ZM5] [28],
dimethylallyltransferase [3EPH] [29], and the pseudouridine syn-
thase TruA, [2NQP] [30].
For modifying enzymes that contact only one end of the tRNA
structure, distortions are local and do not affect the angle between
acceptor and anticodon arms. In contrast, archaeosine tRNA-guan-
ine transglycosylase (ArcTGT) catalyzes the conversion of G15 at
the tRNA core to preQ-0; subsequent conversion to archaeosine re-
sults in additional stabilization of the tRNA core. The crystal struc-
ture of an ArcTGT:tRNAVal [1JTB] [31] demonstrated that the
modifying enzyme binds to an unusual ‘‘k” tRNA conformation that
may also provide accessibility to the core for other modifying
enzymes.
Numerous recent cryo-EM reconstitutions and crystal struc-
tures of the ribosome reveal distortions in tRNA necessary for pro-
gressive steps in peptide bond formation. The principal distortion
observed for several structures is a kink in the tRNA at the junction
of D and anticodon stems relative to the isolated yeast tRNAPhe
structure. This kinked orientation was observed for Thermus ther-
mophilus 70S P-site tRNA [32] or P- and E-site tRNAs [33]. Antico-
don stem distortion is also observed when the complex contains
EF-P, the elongation factor that stimulates formation of the ﬁrst
peptide bond [34]. Kinked tRNAs were also described for cryo-
EM reconstitutions of T. thermophilus 70S-bound ternary complex
(EF-Tu:tRNA:GDP) trapped by kirromycin, with the anticodon stem
kink allowing the remainder of the tRNA body to move away from
the A site to contact EF-Tu (a hybrid state termed A/T) [35]. The
3.6 Å crystal structure of antibiotic-stalled T. thermophilus 70S ter-
nary complex revealed dramatic EF-Tu-bound tRNA structural dis-
tortions [36]. While the anticodon stem loop was in a conformation
nearly identical to its A site position, a bend in the anticodon stem
at base pair 30:40 positioned the tRNA in the A/T hybrid state.
Other conformational rearrangements relative to uncomplexed
tRNA include repositioning of the D stem relative to the acceptor
arm and shifting of the tRNA 30-end [36].
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Fig. 2. Range of tRNA structures observed by crystallography and simulation. (A) Structural alignment of tRNA from ﬁve different crystal structures: 1TRA, tRNAPhe (red);
2FMT, tRNAfMet (orange); 1F7U, tRNAArg in complex with class I ArgRS (yellow); 1C0A, tRNAAsp in complex with class II AspRS (green); 3FOZ, tRNAPhe in complex with
isopentenyl-tRNA transferase (blue); 2WRQ, tRNAThr in complex with EF-Tu at the ribosomal A/T site (purple). (B) EF-Tu:Cys-tRNACys aligned by EF-Tu backbone across a 20-
ns all atom MD trajectory (50 frames) under high Mg2+ concentration to show the relative motion of tRNA. tRNA progresses in time from red through white to blue. (C)
Backbone RMSD (blue) and inter-arm angle (red) of tRNA from simulation shown in (B). In this simulation, most of the backbone RMSD is due to global changes in inter-arm
angle instead of structural ﬂuctuations local to the tRNA arms.
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While crystal structures clearly reveal distortions in tRNA struc-
ture, they present only snapshots of thermodynamically stable
conformations. Solution and computational methods provide addi-
tional evidence for the inherent ﬂexibility of tRNA structure under
a variety of conditions and for differing tRNA species. Of particular
interest are the effects of modiﬁed nucleosides and ions (speciﬁ-
cally Mg2+) in stabilizing tRNA structure.
4.1. Role of modiﬁed bases and ions
tRNAs are the most highly modiﬁed RNA species, with 92 differ-
ent base modiﬁcations identiﬁed (http://library.med.utah.edu/
RNAmods) [37,38]. Given the ease of preparing unmodiﬁed tRNA
by in vitro transcription methods versus producing native base-
modiﬁed tRNA, experimentalists often ask whether unmodiﬁed
tRNA is a valid experimental substitute for native tRNA. Similarly,
obtaining modiﬁed nucleoside parameters for molecular dynamics
(MD) force ﬁelds can be difﬁcult with the exception of AMBER [39],
which includes parameters for most known modiﬁcations. A re-
lated problem, being addressed by the RNA Ontology Consortium
[40], is the adoption of a standard data representation for RNAs
containing modiﬁed nucleosides.
The modiﬁed bases in tRNA determine the macromolecular
structure and dynamics and enable the various binding partners
to recognize tRNA. These modiﬁcations are known to affect inter-
action of tRNA with aaRSs, mRNA, and ribosomes. There is also evi-
dence that EF-Tu binding may be affected by T54 near the interface
[7]. The role of modiﬁed bases in tRNA folding is covered in detail
in another review [41].
Some modiﬁed nucleosides are extremely common in tRNA,
such as dihydrouridine (D), pseudouridine (W), and ribosylthy-
mine. In Bacteria and Eucarya, the eponymous D bases at positions
20 and 21 of the D loop have greater conformational ﬂexibility than
uracil, ensuring that these residues are not part of an RNA stem.
They also exhibit less structural stability when in contact with
Mg2+ ions [42]. In previous studies, W has been shown to stabilize
the local structure of RNA through interactions with a bridging
water between the base and RNA backbone phosphates [43,44].
T54 andW55 in the common loop provide increased structural sta-bility through tighter base stacking and tertiary contacts to the GG
loop [44,45].
The typical bacterial modiﬁcation s4U at position 8 can be
photocrosslinked to base 13 by near-ultraviolet radiation, resulting
in delayed cell growth [46]. This effect provided a means to study
ﬂexibility in the elbow region of several tRNA species [47,48].
Crosslink formation in tRNAfMet, tRNAVal, and tRNAPhe followed ﬁrst
order kinetics, and the observed temperature dependence allowed
determination of activation energies and rate constants across dif-
ferent buffer conditions. As expected, reduced Mg2+ concentrations
resulted in lower activation energies and higher rate constants for
crosslink formation, indicating a more ﬂexible tRNA structure able
to bring s4U and C13 into proximity [48].
There are no straightforward, general rules for the effects of
modiﬁed nucleosides on tRNA structure and dynamics; depending
on the neighboring sequence of nucleotides their role sometimes
appears to be negligible, but in other contexts they contribute to
the stabilization or destabilization of tRNA structure in a [Mg2+]-
dependent fashion. The anticodon loop frequently contains a hy-
per-modiﬁed base at position 37 that has been shown by both
NMR experiments and computation to be important for maintain-
ing the anticodon loop conformation in tRNAPhe and tRNACys by
disrupting base pairs that could occur between unmodiﬁed A37
and A38 with U32 and U33 [7,49] as shown in Fig. 3. At low
Mg2+ concentrations, the whole anticodon arm can unravel.
Early NMR solution studies demonstrated a Mg2+-dependent
imino proton spectrum (broad resonances, absence of some peaks)
for a yeast tRNAPhe transcript that at high Mg2+ approached the
spectrum of the native tRNA, indicating that Mg2+ and divalent ions
both stabilize the native tRNA structure, and that sufﬁcient Mg2+
can in some cases compensate for the lack of base modiﬁcations
[50]. On the other hand, a recent comparison of NMR chemical shift
data and residual dipolar couplings for native and unmodiﬁed
E. coli tRNAVal (at physiologically relevant Mg2+ concentration)
demonstrated that the global structures of the two tRNAs were
nearly identical [51]. What differed, however, were deuterium ex-
change rates for the most slowly exchanging imino protons at the
tRNA core, where t1/2 was as much as 20-fold higher (up to
1500 min) for native tRNA. Only a subset of the core protons was
affected, not fast exchanging protons in helical and loop regions,
indicating that while modiﬁed bases decrease dynamics for some
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Fig. 3. Hypermodiﬁcation maintains anticodon loop conformation in tRNACys. (A) Anticodon arm with modiﬁed bases. (B) Unmodiﬁed anticodon arm showing base:base
hydrogen bonds observed in MD simulation. (C) Frames from an MD simulation showing these hydrogen bonds.
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absence of modiﬁcations [51]. Other NMR studies have provided
insight into the role of base modiﬁcations on the structure and
dynamics of the tRNA anticodon loop. For an isolated tRNAVal
(UAC) anticodon stem-loop the presence of modiﬁed bases uri-
dine-5-oxyacetic acid (cmo5U34) and N6-methyladenosine
(m6A37) altered the stem-loop structure relative to the unmodi-
ﬁed system. The modiﬁed nucleotides resulted in increased base
stacking and decreased heavy atom dynamics (as measured by root
mean squared deviations (RMSD) from an average structure) [52].
A recently developed solution method for probing RNA struc-
ture is SHAPE (selective 20-hydroxyl acylation analyzed by primer
extension), which takes advantage of the reactivity towards elec-
trophiles of 20-hydroxyl groups in ﬂexible regions of RNA structure
[53]. For example, N-methylisotoic anhydride and other electro-
philes form 20-O adducts at ribose hydroxyl groups that are not in-
volved in base pairing or tertiary interactions; these adducts are
then detected as stops in a reverse transcriptase primer extension
assay. As expected, reactive regions of tRNA include unpaired bases
in the anticodon, D and T loops and at the CCA end, while much of
the tRNA is unreactive to probe [53]. Control experiments with
small RNAs have demonstrated that SHAPE reactivity correlates
well with the generalized NMR order parameter S2, which for
RNA structure is determined from 13C relaxation at the C10 position
[54]. In contrast, SHAPE reactivity does not correlate with solvent
accessibility of the 20-hydroxyl group. Recent applications of
SHAPE to tRNA structure include determination of the role of
charged ligands in tRNA unfolding transitions. Single nucleotide
resolution SHAPE experiments demonstrated that tRNAAsp unfolds
in a single, smooth transition upon removal of Mg2+. The polycat-
ionic aminoglycoside tobramycin (TOB5+), which destabilizes tRNA
structure, induces a two-phase structural transition in tRNAAsp
with a ﬁnal unfolded structure more similar to that of heat-dena-
tured tRNA than the Mg2+ ﬁnal structure [55].
The question of tRNA core ﬂexibility has been addressed using
transient electric birefringence (TEB), in which application of atransient electric pulse aligns nucleic acid molecules in a sample
solution [56]. The rotational decay time of an RNA duplex contain-
ing a non-helical element is compared with the corresponding de-
cay time for a fully helical RNA of the same length. The ratio
reﬂects both the angle between helical arms and ﬂexibility at the
non-helical element. One caveat is that native tRNA structures
are not used; constructs are generated with extended (by
70 bp) helical arms to increase TEB sensitivity. TEB analysis of a
tRNAPhe construct demonstrated that the tRNA core is rigid in the
presence of Mg2+ ions and quite ﬂexible in the absence of Mg2+
[57]. Comparison of canonical cytoplasmic with truncated mito-
chondrial tRNA constructs indicated that inter-arm angles vary
widely from an acute 75 for Saccharomyces cerevisiae tRNAPhe to
140 for Caenorhabditis elegans mitochondrial tRNAPhe lacking a T
arm [58]. The effect of Mg2+ ions on inter-arm angle varied among
the tRNAs tested, with some exhibiting a more open conformation
in the presence of Mg2+ and others forming a more collapsed ter-
tiary structure; furthermore the magnitude of angle change upon
Mg2+ binding varied. Careful controls demonstrated that not only
is the inter-arm angle greater for the minimal mitochondrial
tRNAs, but the degree of core ﬂexibility is greater for these tRNAs
than for the canonical cloverleaf tRNAs [59]. The functional conse-
quence of this enhanced core ﬂexibility and widened helical angle
may be to allow mitochondrial tRNAs to reach from the ribosome-
bound mRNA to the peptidyl transferase center despite fewer
nucleotides. Flexibility and inter-arm angle dynamics are also seen
for single tRNA molecules in MD trajectories [7,60] (Fig. 2B and C).
Movement of tRNA is shown relative to EF-Tu through alignment of
trajectory frames by the protein backbone.4.2. Functional signiﬁcance of tRNA dynamics
Given the inherent ﬂexibility that is available to tRNA, what is
the functional consequence of this feature? Perhaps the answer
is as simple as a reminder of the varied cellular activities of tRNA,
R.W. Alexander et al. / FEBS Letters 584 (2010) 376–386 381which interacts with a variety of cellular partners, including mod-
ifying enzymes, the aaRSs, elongation factors, and the ribosome.
One distinction among aaRSs is that class I enzymes interact
with their cognate tRNAs from the minor groove side of the accep-
tor stem, while class II enzymes interact with the major groove
side of their partner tRNAs [61]. The functional consequence of this
difference is that the 30-hydroxyl of A76 is appropriately positioned
for nucleophilic attack on class II enzyme-bound adenylate with-
out need for signiﬁcant tRNA distortion. However if the acceptor
stem helices of tRNAs aminoacylated by class I enzymes continued
in their A-helical orientation, they would bypass the enzyme active
site. The hairpin conformation observed crystallographically at the
30-end of tRNAs speciﬁc for Arg, Cys, Gln, Glu, and Leu (and pre-
sumed for others) is necessary for amino acid transfer to the 20-hy-
droxyl of A76.
For those synthetase enzymes that catalyze post-transfer edit-
ing, there is also a need to translocate the misacylated CCA end
of tRNA to an editing site. As more structural and biochemical evi-
dence emerges, it seems likely that the ‘‘editing” orientation is the
thermodynamically favorable position for the acceptor stem,
which then transiently swings to the active site for amino acid
attachment, only to swing back to the editing site for proofreading
[62]. This distinction between thermodynamically stable and cata-
lytically competent positions of the CCA end would explain the
varied orientations observed in crystal structures of particularly
class I enzymes, where positioning of the 30-end in the aminoacy-
lation active site requires a dramatic reorientation. The range of
possible structures has been observed, with the 30-end in the edit-
ing conformation, in the catalytic (foldback) conformation, or
disordered.
The role of wobble pairs in tRNA function has been investigated
using both biochemical and genetic tools. The G3:U70 wobble pair
of tRNAAla is a major identity element for aminoacylation by AlaRS,
such that the anticodon nucleotides are not even directly contacted
by the cognate enzyme. NMR analysis revealed structural and dy-
namic differences between acceptor stem minihelices containing
the G:U wobble pair, a C:C mispair, and canonical Watson–Crick
pairs [63]. The mismatch pairs exhibited a distortion of the back-
bone at the N3 position and rapid exchange among several confor-
mations. tRNAAla containing the C:C mismatch but not Watson–
Crick pairs supports cell growth in vivo; this correlation with
in vivo aminoacylation activity suggests that backbone deformabi-
lity introduced by this wobble is a major contributor to recognition
by AlaRS (reviewed in [64]).
While the tRNAAla G3:U70 is a long-established identity ele-
ment, the contribution of non-conserved G:U and C:A wobble
pairs to aminoacylation and translation efﬁciency was probed
for E. coli tRNAGly, which has a G49:U65 pair at the base of the
T-stem [65]. A U65C substitution in a tRNAGly (UCA) opal suppres-
sor resulted in poor suppression relative to the U65-containing
suppressor, while genetic selection for compensatory tRNA mu-
tants that would support cell growth resulted in incorporation
of new G:U and C:A mismatches throughout the tRNAGly struc-
ture. Surprisingly, the sites of mismatch introduction mimicked
the occurrence of mismatches in available genomic tRNAGly se-
quences [65].
A biochemical study of the speciﬁcity determinants of tRNAArg
for ArgRS demonstrated that the presence of G:U wobble pairs is
essential for tRNA-stimulated aminoacyl adenylate synthesis
[66]. ArgRS is one of the four aaRSs that requires tRNA binding
for the ﬁrst step of the aminoacylation reaction (the others are
GluRS, GlnRS, and class I LysRS). In contrast with many
synthetases that contact nucleotides primarily in the anticodon
and acceptor stem, ArgRS:tRNAArg complex formation involves
simultaneous recognition of identity elements in the anticodon,
D loop, and acceptor stem. Contacts with the D loop are madeby an N-terminally appended module [18]. The heterologous
yeast tRNAArg is not efﬁciently aminoacylated by mammalian
(hamster) ArgRS, but introducing a minimum number of
nucleotide substitutions and replacing Watson–Crick base pairs
in the D and/or acceptor stems with G:U wobbles enhanced
adenylate synthesis to equal or even surpass the cognate
tRNA-stimulated activity [66]. Similarly, replacing wobble pairs
in the mammalian tRNAArg acceptor and D stems decreased
adenylate synthesis efﬁciency; thus assembly of the mamma-
lian ArgRS catalytic site depends on ﬂexibility of the cognate
tRNA.
A non-canonical role for tRNA is as primer for reverse tran-
scription of retroviral genomes (reviewed in [67]). tRNALys,3 is
selectively packaged into HIV-1 viral particles for this function,
and annealing of the tRNA’s 30 18 nucleotides to a complementary
sequence on the viral genome is facilitated by HIV-1 nucleocapsid
protein (NC). NC binding alone does not signiﬁcantly destabilize
the tRNA acceptor stem, as demonstrated by both ﬂuorescence
resonance energy transfer (FRET) [68] and NMR experiments
[69]. Imino proton exchange was, however, more rapid for the
G6:U67 pair at the base of the acceptor stem and the tertiary pair
T54-A58, suggesting that NC destabilizes tRNA structure from the
ends of the acceptor stem [69]. Kinetic and thermodynamic anal-
yses clariﬁed that tRNA unwinding is driven by favorable anneal-
ing to the HIV primer binding site (PBS) in the presence of NC.
Annealing initiates at tRNA 30-unpaired nucleotides and is limited
by melting of a PBS helical stem rather than by melting of tRNA
structure [70]. Thus secondary and tertiary structure and stability
are not signiﬁcant factors in retroviral priming, despite the need
for the tRNA molecule to adopt a dramatically different
conformation.
It has long been clear that protein biosynthesis requires move-
ment of tRNA through varied functional states on the ribosome;
high resolution ribosome crystal structures and ﬂuorescent tech-
niques are now making it possible to analyze tRNA dynamics dur-
ing translation. Cryo-EM reconstitutions and crystal structures of
functional translation complexes demonstrate that aa-tRNA in
complex with EF-Tu and the ribosome adopts a kinked or bent con-
formation [35,36,71]. GTP hydrolysis releases EF-Tu from the ribo-
some, allowing accommodation of aa-tRNA into the A site. Other
ribosome-bound tRNAs exhibit varying degrees of bend in the anti-
codon stem, albeit less dramatic than the EF-Tu-bound A/T state
[32,34]. It has been suggested that gradual release of conforma-
tional strain may drive tRNA movement from A/T through A/A, P/
P, and E/E states [33,71].
Single molecule FRET experiments have provided evidence
that prior to peptide bond formation, tRNAs are in rapid dy-
namic change between classical state (where both ends of the
tRNA are in either the A or P site) and hybrid state (where the
anticodon remains bound at the 30S subunit while the CCA
end of the A or P site bound tRNA moves to the P or E site on
the 50S subunit, respectively) [72]. Following peptide bond for-
mation, the hybrid state is favored until EF-G promotes translo-
cation [72]. While the hybrid state does not explicitly require a
ﬂexible tRNA, single molecule FRET at high temporal resolution
led to the model that thermal ﬂuctuations in tRNA facilitate
docking of cognate aminoacyl-tRNA in the ribosome A site, such
that codon interactions on the small subunit lead to contacts
with the GTPase activating center on the 50S subunit and a
GTPase activated state [73]. Thus mutations in tRNA that alter
ﬂexibility may lead to decreased ﬁdelity in the kinetic step(s)
between codon binding and GTP hydrolysis, as has been demon-
strated for the variant tRNATrp ‘‘Hirsh suppressor” [74]. For the
translocation step, there is FRET evidence consistent with the
hypothesis that the single-stranded CCA end moves prior to
the rest of the tRNA [75].
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Increasing numbers of research groups are applying computa-
tional methods to understand protein, RNA, or protein:RNA inter-
actions pertaining to components of the protein biosynthetic
machinery. The most common approach is all-atom, explicit sol-
vent, MD simulations, which aim to mimic the dynamics of sol-
vated biomolecules in order to understand conformational
rearrangements at atomic resolution that may play a role in biolog-
ical function. Limitations for protein and nucleic acid MD simula-
tions include the quality of starting structures, available force
ﬁeld parameters, and computational resources. tRNA was the ﬁrst
RNA studied computationally [76,77], just as it was the ﬁrst RNA
for which there was an X-ray structure. This ﬁrst MD simulation
did not include hydrogen atoms, ions or solvent and was limited
to 12 ps. Helical regions of the tRNA maintained base pairing inter-
actions, and sugar puckers did not change. Hinge bending motions
of the tRNA arms were observed, and dynamics of the 50 and 30
ends were revealed as higher than average root mean squared ﬂuc-
tuations (RMSF) values. However, tertiary interactions were lost.
Subsequent MD simulations on tRNAAsp included solvent and ions,
and long-range electrostatic interactions were included using the
Particle-Mesh Ewald treatment [78]. Recently, long-time simula-
tions of tRNA have been performed with tRNA free in solution
[60], bound to aaRS [79], bound to EF-Tu [7], and bound to the ribo-
some [80].
Conformational changes in tRNA have been studied using a vari-
ety of methods. Insight into tRNA ﬂexibility can be obtained from
analysis of the structure alone. Regions of large displacement were
identiﬁed in an early normal mode analysis of tRNA [81]. The
Gaussian network model of tRNA with and without aaRS present
reported anticorrelated motions of the acceptor stem and antico-
don loop [82]. Both Gaussian and anisotropic network models were
used to identify the size and direction of tRNA ﬂuctuations within
the ribosome revealing coupled motion between A-site and P-site
tRNAs [83]. Other methods like topological network analysis of
rigidity have been used to determine ﬂexible regions of tRNA
[84]. From all-atom MD simulations of tRNA bound to aaRS [79]
and EF-Tu [7], principal components analysis of the tRNA showed
anticorrelated motions in agreement with the above analyses and
local correlated motions were used to discover signaling pathways
through tRNA:aaRS.
The dynamics of biomolecules are affected by their surrounding
solvent, and are partially determined by interaction with the
hydration solvent. tRNA, in particular, gains ﬂexibility due to the
relatively higher water density in the surrounding solvent than
in protein [85]. The high density of water and cations around nu-
cleic acids is required for electrostatic shielding of the negatively
charged backbone phosphates.
Although Mg2+ concentration is about 1 mM in bulk cytosol, it
increases to 30 mM when Mg2+ bound by nucleic acids are in-
cluded [86]. The majority of this extra Mg2+ is associated with
ATP, but local concentrations are potentially high around tRNA,
also. To our knowledge, it still remains unknown how many
Mg2+ ions are in the tRNA ion cloud in vivo. Only a few (1–6)
Mg2+ ions bind directly to tRNAs [87,88], and these appear impor-
tant for RNA folding. Mg2+ ions have a larger number of residency
sites and higher residency times than K+ ions. Water molecules
within the ﬁrst solvation shell of Mg2+ exchange muchmore slowly
(2  106 s1) [89] than the timescales of MD simulations so bound
Mg2+ ions remain in their positions throughout [90]. Unbound
Mg2+ and K+ ions are free to diffuse about the system.
Mono- and divalent cations mediate internal RNA electrostatics
and permit the formation of compact structures despite the ex-
treme electronegativity of the phosphate backbone. Hexahydrated
Mg2+ ions are known to be problematic when described by additiveforce ﬁelds such as those currently used in MD simulations [91],
but parameters are improving for Mg2+ bound to various chemical
groups [92], and it can be essential to include Mg2+ atoms that play
key structural roles. Preparing the ionic environment for highly
charged RNA molecules is more complicated than for proteins
which are typically closer to neutral. A few ionization methods,
such as ionize (http://www.ks.uiuc.edu/Development/MDTools/
ionize/), exist to help set up RNA systems. These methods work
by calculating Coulombic interaction energies at points within a
volumetric grid across a given system. An ion is then placed at
the gridpoint with the lowest interaction energy. The gridpoint
energies are then recalculated, and the process iterates until all
ions have been placed. Mg2+ ions may be included to provide a
more physiologically realistic ionic environment for tRNA. Associ-
ated Mg2+ provides structural stability that can help prevent RNA
unfolding as MD simulations are run out to longer timescales.
When ions are present in the crystal structure, or the location of
bound ions is known, nearby placement is ideal, but solvation is
important to prevent bad contacts. Otherwise, ions should be
placed near the RNA but not so close they will bind the RNA and
perturb its structure at the start of the simulation. This is especially
true for Mg2+ because its ﬁrst solvation shell is extremely stable;
due to the high charge density of Mg2+, it can remain bound to a
phosphate oxygen for the entire length of a typical MD simulation.
There is a need for a Mg2+ placement algorithm that takes the
geometry of the ﬁrst solvation shell into account. On a related note,
after ion placement, all Mg2+ ions should have their ﬁrst solvation
shells completely ﬁlled to guarantee no unwanted contacts occur.
Solvation methods are available to calculate and model initial
density and water orientation around nucleic acids: Solvate 1.0
(Grubmueller, H. 1996 Solvate 1.0. http://www.mpibpc.gwdg.de/
abteilungen/071/solvate/docu.html). Water placement around
nucleic acids can be checked with SwS (http://www-ibmc.u-stras-
bg.fr/arn/sws.html) [93].
Raising the system temperature in a slow, stepwise equilibra-
tion can be used to accommodate water and allow ions to enter
the tRNA deep groove [43]. Constraints applied to heavy atoms
and/or the backbone during minimization and equilibration ensure
that the negatively charged phosphates do not repel each other and
distort the molecular structure.
4.4. Coarse grained simulation
Coarse-graining methods allow scientists to examine systems at
time and length scales between all-atom, single-molecule MD and
whole-cell cellular automata or Brownian dynamics simulations. In
this regime, researchers will be able to focus on biomolecular
dynamics such as tRNA migration from aaRS to EF-Tu, incorpora-
tion of tRNA into the ribosome, and translocation of tRNA through
the ribosome.
Two potential, particle-based, coarse-graining strategies appear
well suited for the modeling of large systems involving tRNA. The
ﬁrst involves systematically replacing individual monomers with
simpliﬁed representations with fewer particles [39,94–98]. For
example, an amino acid may be replaced by a single particle, a
nucleotide with two to three particles, and a hypermodiﬁed nucle-
otide with three to four particles. Similarly, multiple waters or sol-
vated ions could be merged into single particles. This reduced
particle description captures the polymeric nature of biomolecules
and allows for the inclusion of ions in solution which are known to
be important for RNA folding and dynamics [7,99,100]. While sep-
arate residue potentials for protein:lipid and simple protein:RNA
systems exist, increasing the complexity of the representation will
require new potential development. The second coarse-graining
method, intended for even longer time and length scales, uses clus-
ters of connected particles to mimic the overall shape of the bio-
Fig. 4. Signaling networks in tRNA:protein complexes. (A) Network of suboptimal paths from U35 to A76 in GluRS:Glu-AMP:tRNA. The thickness of an edge represents the
number of shortest paths passing through that edge. In this system, the thickest path actually corresponds to the optimal path. Network communities change as tRNA
migrates from aaRS to EF-Tu. (B) The community containing the D stem (purple) is associated with amino acids on GluRs, but (C) after AMP leaves and EF-Tu binds, this
community separates from the protein due to less correlated motion between the molecules. The community containing the T stem (yellow) starts moving in concert with the
third domain of EF-Tu.
R.W. Alexander et al. / FEBS Letters 584 (2010) 376–386 383molecule [98]. A molecule is represented by an order of magnitude
fewer particles which are placed at the vertices of a 3D grid. The
mass and charge of atoms within the Voronoi cell for each vertex
are mapped onto the corresponding particle, and a continuum
dielectric is used for solvent.
Another strategy to achieve longer timescales is to coarse grain
the energy landscape by biasing the system towards its native
structure through the use of Go-like potentials, currently used to
study the speciﬁcs of folding processes for proteins [101]. Go
potentials have typically been applied to beadlike coarse grained
systems, but all-atom Go potentials [102], applied between pairs
of atoms that reside within a cutoff distance of each other in the
native structure, have recently been used to study tRNA on the
ribosome [103]. Given a force ﬁeld, energetic frustration intro-
duced by the nonbonded terms is removed through the substitu-
tion of a topology-based nonbonded potential derived from a
reference structure. Three sets of Go parameters are used: one
for protein:protein interactions like that used for protein folding,
one for RNA:RNA interactions, and the ﬁnal one for protein:RNA
interactions. The Go potential treats all heavy atom pairs within
a cutoff distance as native contacts, based on a reference structure.
These native and non-native contacts experience Lennard–Jones-
like and hard sphere potentials, respectively.
5. Signaling network analysis
There are multiple events during protein synthesis that require
long-distance communication related to tRNA. For example, during
tRNA aminoacylation, information about the anticodon affects cat-
alytic activity at the other end of the tRNA L-shape [104]. Also,
anticodon-codon matching on the ribosome determines whether
or not EF-Tu hydrolyses GTP and releases the bound aa-tRNA. Allo-
steric signaling has been investigated experimentally [105] and
through bioinformatic analysis of multiple sequence alignments
[106], and recently, dynamical network methods have been devel-
oped to discover possible paths of communication through pro-tein:RNA complexes based on local correlations [79]. Several
metrics are available for the analysis and characterization of
dynamical network models corresponding to systems in different
states.
In network models, residue connectivity is represented as a net-
work of inter-residue contacts [107]. Starting from such a network,
shortest paths through the network are calculated from any resi-
due to any other. Network models have been developed for several
aaRSs to determine the shortest paths from the anticodon-binding
site to the catalytic site. Shortest path analysis identiﬁes internal
residues that are relatively more important for intramolecular
communication than others [108]. Based strictly on the contact
map, shortest paths through MetRS from the anticodon-binding
domain to the active site have been calculated and include residues
found to be important for catalytic activity [109].
Deﬁning information transfer as correlated motion between
residues makes intuitive sense because the motion of one residue
can be used to predict the motion of the other. Once a network
model weighted by local correlations has been generated, optimal
paths may be calculated between residues implicated in long-dis-
tance signaling. It is a little misleading to focus entirely on shortest
paths, however, because nearby paths may also participate in com-
munication. Consider a web of connections: if one link in the web
is cut, there are potentially many alternative paths available to
maintain the end-to-end connection. Similarly, suboptimal paths
can participate in allosteric signaling, and they can be gleaned from
the same underlying, weighted network as the optimal paths. The
network community structure, which is a partition of the residues
into communities that are more connected to each other than to
outside residues, can also be determined using available graph
algorithms [108,110,111].
The degenerate nature of communication pathways within pro-
tein:RNA complexes results in the situation where a small set of
nodes at intercommunity junctions control the communication
within the complex. Many paths exist within communities, but
few are present between communities. These critical nodes are
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of the suboptimal paths ﬂow. Fig. 4A shows suboptimal paths that
were generated for GluRS:tRNAGlu from the anticodon to the active
site. Critical nodes identiﬁed in GluRS:tRNAGlu and LeuRS:tRNALeu
corresponded tohighly conserved residues suggesting that the iden-
tiﬁed communication pathways are evolutionarily important [79].
6. Towards long-time dynamics of tRNA
In E. coli translation occurs at an average rate of 40 amino acids
per second. To follow a single step of translation starting with the
aminoacylation of tRNA by the aaRSs, followed by EF-Tu transport
of the charged tRNA to the ribosome, insertion of the tRNA into
the A site, and peptide bond formation at the P site, requires mon-
itoring the migration of tRNA over tens of milliseconds. This time-
scale for the dynamical process for either in vivo or in vitro
translation presents challenges for both experiments and simula-
tions. On the experimental side, labeling of tRNA and its interaction
partners with different ﬂuorescent dyes may allow resolution of
individual steps, but multicolor single molecule experiments are
just being developed, and there are still issues with the interpreta-
tion and resolution of the various FRET states [112,113]. On the
computational side, the timescales of MD simulations are just
beginning to move into the hundreds of nanosecond range with
microsecond simulations of folding events for small proteins being
considered as major efforts that test the quality of the force ﬁelds
[114,115]. The rate-determining step in the aminoacylation reac-
tion for several class I aaRSs is the release of charged tRNA. Re-
cently, it has been discovered that the presence of EF-Tu
stimulates the dissociation of tRNA from some of these enzymes
[116,117]. The shift in the network of interactions from GluRS to
EF-Tu during the tRNA migration reﬂect the shift in correlated mo-
tions over the course of long simulations extending over hundreds
of nanoseconds [118] (Fig. 4B and C). In addition to advances in
hardware and software development, increased simulation time-
scales are being pursued by either accelerating the all atom MD
simulations [118,119] or by particle and force ﬁeld coarse graining
[95,97,103]. By either lowering the barriers or raising the potential
wells, one can sample more of the conﬁguration space, and while
this is done at the loss of kinetic data, the connection to ﬂexibility
in proteins as measured by NMR order parameters and residual
dipolar coupling constant seems to improve greatly. Long time sim-
ulations should allow researchers to make contact with recent
experimental observations of tRNA migration between hybrid
states in the ribosome and identify the interaction network respon-
sible for tRNA release from EF-Tu.
7. Concluding remarks
It is clear from experimental and computational approaches
that nucleotide sequences in tRNA are optimally conserved and or-
ganized to interact with protein and RNA partners during transla-
tion. Further description of tRNA dynamics on the timescale of
protein biosynthesis will require continued acquisition of atomic
resolution structures of the relevant biomolecules, advances in sin-
gle molecule ﬂuorescent approaches, and ongoing development of
molecular simulation techniques.
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